INTRODUCTION
Recent advances have improved the treatment of B-cell malignancies, but many patients still succumb to these diseases. [1] [2] [3] [4] [5] [6] [7] Among patients with diffuse large B-cell lymphoma (DLBCL) refractory to second-line chemotherapy, Ͻ 50% of patients respond to third-line chemotherapy, and few experience long-term survival. [1] [2] [3] In patients with DLBCL that has progressed after autologous stem-cell transplantation, median overall survival is Ͻ 10 months. 4, 8 Improved treatments for chemotherapyrefractory B-cell malignancies are clearly needed.
CD19 is an antigen expressed on malignant and normal B cells but not on other normal cells. 9 Chimeric antigen receptors (CARs) are fusion proteins incorporating antigen-recognition domains and T-cell activation domains.
10-14 T cells expressing anti-CD19 CARs recognize and kill CD19 ϩ target cells. [15] [16] [17] [18] [19] [20] [21] In our previous studies of anti-CD19 CAR T cells, multiple patients with indolent B-cell malignancies had specific depletion of normal B cells and
JOURNAL OF CLINICAL ONCOLOGY

Anti-CD19 CAR Treatment Plan
The clinical treatment plan consisted of a course of chemotherapy, followed 1 day later by a single infusion of anti-CD19 CAR T cells. The chemotherapy was cyclophosphamide at a total dose of either 120 or 60 mg/kg (Table  1) , followed by five daily doses of fludarabine 25 mg/m 2 . Chemotherapy was administered before anti-CD19 CAR T cells to deplete endogenous leukocytes that can inhibit the antimalignancy activity of adoptively transferred T cells. [34] [35] [36] [37] Because of toxicity, the dose of cells was reduced from 5 to 1 ϫ 10 6 CAR-positive T cells/kg during the study. Exogenous IL-2 was not administered to patients in this study. Treatment responses to chronic lymphocytic leukemia (CLL) or lymphoma were defined according to standard international criteria.
38,39
RESULTS
Anti-CD19 CAR T Cells Generated From PBMCs of Heavily Treated Patients
The anti-CD19 CAR used in our work contained a CD28 costimulatory moiety (Fig 1A) . CAR-expressing T cells were produced from autologous PBMCs with a 10-day cell-production process ( Fig  1B) . CAR T cells were successfully produced for all patients on the first attempt, despite the extensive prior treatment received by the patients. This work adds to previous evidence of the feasibility of autologous T-cell therapies for advanced hematologic malignancies. 22, 23, 25, 29 Some treated patients underwent apheresis for PBMC collection only 1 to 2 months after chemotherapy. Anti-CD19 CAR T cells were produced despite low blood lymphocyte counts at the time of the apheresis; for patients in the trial, the mean lymphocyte count at the time of apheresis was 632/L, with a range of 140 to 1,470/L (normal blood lymphocyte range, 1,320 to 3,570/L; Data Supplement). CAR expression was measured on cells 1 to 3 days before infusion by flow cytometry (Fig 1C) . A mean of 70% (range, 54% to 84%) of the infused T cells expressed the CAR. A mean of 34% of infused CAR-positive T cells had a C-C chemokine receptor type-7 (CCR7)-positive, CD45RA-negative phenotype. This phenotype is consistent with central memory T cells (Fig 1D; Data Supplement) . 40 T cells expressing the CAR upregulated CD107a in a CD19-specific manner (Fig 1E) . CD107a upregulation indicates degranulation and correlates with cytotoxicity. 41 The anti-CD19 CAR T cells produced cytokines in a CD19-specific manner (Figs 1F to 1H).
Patient Characteristics
Nine patients with DLBCL and six with indolent B-cell malignancies were treated (Table 1) . We were able to evaluate malignancy response in 13 patients. One patient died soon after treatment, and one patient was lost to follow-up because of noncompliance. The nine patients with DLBCL had lymphomas of three different subtypes. Four patients had primary mediastinal B-cell lymphoma (PMBCL). Four patients had DLBCL not otherwise specified (NOS), and one patient had DLBCL transformed from CLL. Eight of nine patients with DLBCL had chemotherapyrefractory lymphoma. We defined chemotherapy refractoriness as no achievement of at least a PR with the most recent chemotherapycontaining salvage regimen before enrolling onto the anti-CD19 CAR protocol. Seven of the nine patients wtih DLBCL met the criteria for high risk by the second-line age-adjusted international prognostic index (Table 1) .
Patients With Chemotherapy-Refractory DLBCL Obtained Remissions After Infusion of Anti-CD19 CAR T Cells
Of the seven evaluable patients with DLBCL, four obtained CRs, two obtained PRs, and one had stable disease (SD) after infusion of CAR T cells. All six patients with indolent B-cell malignancies obtained either a PR or CR (Table 1) . Among patients with CLL, three of four are in ongoing CRs confirmed by multicolor flow cytometry of the bone marrow. The cyclophosphamide and fludarabine conditioning chemotherapy used in this study has activity against B-cell malignancies and could have made a direct contribution to antimalignancy responses.
Patient No. 2 was diagnosed with PMBCL. She underwent treatment with six cycles of rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP); the result was progressive lymphoma. She received mediastinal radiation therapy, which resulted in a CR that lasted 5 months before relapse. Next, she received two cycles of rituximab, ifosfamide, carboplatin, and etoposide (R-ICE) chemotherapy; the result was SD. Finally, she received a regimen of rituximab, cytarabine, and methotrexate, which also led to SD. Patient No. 2 was treated on the anti-CD19 CAR protocol and entered a CR that is ongoing after 22 months (Fig 2A) .
Patient No. 7, with DLBCL NOS, was treated with five different treatment regimens before enrolling onto the anti-CD19 CAR protocol. His lymphoma progressed after his last salvage chemotherapy regimen. After treatment on the anti-CD19 CAR protocol, he entered a CR that is ongoing after 9 months. 
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Patient No. 8 was diagnosed with PMBCL. She was treated with 10 prior regimens before enrollment onto the anti-CD19 CAR protocol. The resistance of this lymphoma to chemotherapy was demonstrated by the fact that it progressed Ͻ 1 month after the patient received each of four different chemoimmunotherapy regimens: R-CHOP, R-ICE, rituximab plus high-dose cytarabine, and rituximab, gemcitabine, dexamethasone, and cisplatin. At the time of enrollment onto the anti-CD19 CAR protocol, patient No. 8 had a large burden of lymphoma in her liver and other areas. After treatment on the anti-CD19 CAR protocol, patient No. 8 entered a CR that is ongoing after 12 months (Fig 2B) .
Patient No. 14 had DLBCL NOS that progressed after R-CHOP and also progressed after the rituximab, etoposide, methylprednisolone, highdose cytarabine, and cisplatin regimen. He obtained a CR after treatment on the anti-CD19 CAR protocol (Fig 2C) , but his lymphoma recurred after 6 months.
Infusion of Anti-CD19 CAR T Cells Was Associated With Significant but Transient Toxicity
Grade 3 and 4 toxicities experienced by patients are listed in Table  1 . Toxicities mostly occurred during the first 2 weeks after infusion. Patient No. 4, who had chemotherapy-refractory PMBCL with extensive fibrotic mediastinal lymphoma involvement, died suddenly 16 days after infusion of anti-CD19 CAR T cells. The patient was not experiencing signs of cytokine-release toxicities such as fever at the time of death. She had a modestly decreased left ventricular ejection fraction and sinus tachycardia before infusion of CAR T cells. Because no cause of death was discovered at autopsy, a likely cause of death was cardiac arrhythmia. Four of the 15 patients in the trial experienced grade 3 or 4 hypotension. All patients had elevations in serum interferon gamma and/or IL-6 around the time of peak toxicity, but most patients did not develop elevations in serum tumor necrosis factor (Data Supplement).
Patients experienced a variety of neurologic toxicities that have been previously reported in those receiving infusions of CAR T cells or high-dose IL-2.
23,42 These toxicities included confusion and obtundation. In addition, three of the 15 patients developed different and unexpected neurologic abnormalities. On day 5 after anti-CD19 CAR T-cell infusion, patient No. 2 developed aphasia that occurred intermittently for 7 days before resolving. She also had right-sided facial paresis that lasted approximately 20 minutes on day 8 after CAR T-cell infusion. At the time of these neurologic abnormalities, the CSF contained 14 WBC/L; qPCR analysis showed that 1.9% of these WBCs contained the anti-CD19 CAR gene. Patient No. 9 developed aphasia 5
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www.jco.org days after CAR T-cell infusion. Subsequently, he developed confusion and severe generalized myoclonus; all of these abnormalities resolved by 11 days after CAR T-cell infusion, except for a mild tremor that resolved over the next month. Patient No. 15 developed aphasia 5 days after CAR T-cell infusion, which was rapidly followed by onset of confusion, hemifacial spasms, apraxia, and gait disturbances; these abnormalities varied in severity until dramatically improving 20 days after CAR T-cell infusion. Eleven days after the CAR T-cell infusion, the CSF of patient No. 15 contained 3 WBC/L, and flow cytometry showed that CSF lymphocytes were 97% T cells and that 32.9% of the T cells were CAR positive. The CNS has been shown to lack CD19 expression by other investigators. 9 We assessed CD19 expression in multiple brain regions by qPCR and IHC and found no CD19 expression (Data Supplement).
Anti-CD19 CAR T Cells Infiltrated Malignant Lymph Node Mass
Patient No. 13 had CLL manifesting in part as a bulky cervical lymph node mass that dramatically regressed after treatment (Fig 3A) . A fine-needle aspiration was performed on this lymph node mass 19 days after infusion of anti-CD19 CAR T cells; 70% of the aspirated lymphocytes were T cells, and 31% of the T cells expressed the anti-CD19 CAR as measured by flow cytometry with a CAR-specific antibody (Fig 3B) . 
Monoclonal CLL B Cells Were Eradicated and Replaced by Polyclonal B Cells
Most patients in the trial were not evaluable for B-cell depletion because of preexisting B-cell depletion resulting from rituximab. All three patients who entered the trial with polyclonal blood B-cell counts in the normal range had B-cell depletion for at least 4 months after CAR T-cell infusion (Data Supplement). In patient No. 3, a monoclonal population of CLL cells was present before treatment in the trial. This CLL population had an aberrant CD19 ϩ
CD5
ϩ phenotype (Fig 3C) and was monoclonal as determined by kappa/lambda ratio staining. Complete eradication of B cells occurred after infusion of anti-CD19 CAR T cells (Fig 3D) . Thirteen months after the CAR T-cell infusion, recovery of polyclonal B cells and continued absence of the CLL cells were evident (Figs 3E and 3F) . Patient No. 3 remains in a CR that is ongoing after 23 months.
CAR T Cells Had Variable Peak Blood Levels and Persistence
We measured blood cells containing the anti-CD19 CAR gene by performing qPCR on DNA from total PBMCs collected before treatment and at multiple time points after CAR T-cell infusion. The peak level of CAR-positive blood cells varied considerably among patients. CAR-positive cells were detected by qPCR at peak blood levels, ranging from nine to 777 CAR-positive cells/L (Fig  4) . The number of CAR-positive blood cells peaked between 7 and 17 days after infusion.
Anti-CD19 CAR T Cells Acquired a More Differentiated Phenotype From Time of Infusion to Time of Peak Blood Levels
We assessed the number and phenotype of blood CAR-positive cells at the time of the peak number of blood CAR-positive cells by using a CAR-specific monoclonal antibody (Figs 5A and 5B; Data Supplement). 33 The time of peak CAR-positive T cells was determined by qPCR (Fig 4) . The absolute number of CAR-positive cells at the time of the peak number of blood CAR-positive cells was determined by both qPCR and flow cytometery, and the results of the different methods were closely correlated (Pearson correlation coefficient, r 2 ϭ 0.95; P Ͻ .001; Data Supplement provides all absolute numbers determined by both methods.). At the time of peak blood CAR-positive cells, a majority of CD3 ϩ CAR-positive T cells were CD8 ϩ in 12 of 15 patients, and for all 15 patients, at the time of the peak of blood CAR-positive cells, the mean ratio of CD3 ϩ
CD8
ϩ CAR-positive cells to CD3 ϩ
CD4
ϩ CAR-positive cells was 9.4. Central memory T cells express CCR7 and lack expression of CD45RA; in contrast, effector memory T cells lack expression of both CCR7 and CD45RA. 40 We found a decrease in the percentage of CAR-positive T cells with a central memory phenotype and an increase in the percentage of CAR-positive T cells with either an effector memory phenotype or a CD8 ϩ effector memory RA phenotype when the infused CAR-positive cells were compared with CAR-positive blood cells at the time of peak CAR-positive cell numbers (Figs 5C to 5E; data not shown). An increase in the percentage of CD3 ϩ CD8 ϩ CAR-positive T cells expressing CD57 occurred between the time of infusion and the time of peak CARpositive blood cells (Fig 5F) . We previously reported an increase in programmed death-1 (PD1) expression on CD4 ϩ CAR-positive T cells after infusion. 24 We were able to assess PD1 expression on CD4 ϩ CAR-positive cells of 11 patients. In eight of these patients, PD1 expression increased by at least three-fold from the time of infusion to the time of the peak blood levels of CAR-positive cells. Taken together, these phenotypic changes indicate a shift toward a more differentiated T-cell phenotype between the time of infusion and the time of peak blood CAR-positive T-cell levels. 
DISCUSSION
Our results are the first to our knowledge to show CRs of DLBCL after infusions of anti-CD19 CAR T cells. Our protocol was effective against lymphomas refractory to salvage chemotherapy. These results are a significant advance from previous reports, which showed the effectiveness of anti-CD19 CAR T cells against leukemia and indolent lymphomas. [22] [23] [24] [25] [26] [27] 29, 31 Because the longest duration of CR that we have observed is ongoing at 23 months, a critical unanswered question is whether any of the CRs achieved in this trial will lead to permanent malignancy-free survival. A prerequisite for effective treatment of lymphoma with T cells is infiltration of malignant lymph node masses by the T cells. We demonstrated that anti-CD19 CAR T cells can infiltrate malignant lymph node masses by detecting a large number of CAR-positive T cells in a regressing lymph node mass of a patient with CLL ( Figs 3A and 3B) .
The most troublesome toxicities experienced by patients on this protocol were hypotension and neurologic toxicities (Table 1) . We previously reported neurologic toxicities including confusion and obtundation occurring after infusions of anti-CD19 CAR T cells plus high-dose IL-2. 23 These toxicities still occurred in some patients when CAR T cells were administered without IL-2, but we also observed other unexpected neurologic toxicities including aphasia and myoclonus ( Table 1 ). The mechanism of these neurologic toxicities is not known and is still under investigation. We speculate that the toxicity was caused by some substance secreted from CAR T cells. Importantly, all patients recovered completely from their neurologic toxicities. Some of the neurologic toxicities that we observed were similar to toxicities observed in other trials of anti-CD19 CAR T cells 31 and clinical trials of anti-CD19 -and anti-CD3-bispecific antibodies. 46 We treated two patients with severe toxicities by infusing the IL-6 receptor-blocking antibody tocilizumab. One of the patients had hypotension, and the other had predominantly neurologic toxicity; the toxicity did not substantially improve in either patient.
The number of CAR-positive T cells in the blood of our patients rose to a peak between 7 and 17 days after infusion and then decreased rapidly. The relative importance of peak blood CAR-positive T-cell levels versus sustained persistence of blood CAR-positive T cells is unknown; moreover, the importance of the levels of blood CARpositive T cells in general is unknown. It is possible that a more important indicator of effectiveness in treating lymphoma could be the number of CAR-positive T cells infiltrating lymphoma masses, so every opportunity to study CAR-positive T cells within lymphoma masses should be taken.
From the time of infusion to the time of peak blood levels, anti-CD19 CAR T cells acquired a more differentiated phenotype, manifested by a decrease in cells with a central memory phenotype and increases in effector memory and CD57 ϩ cells (Fig 5) . The CD8 
CD8
ϩ CARpositive lymphocytes expressing CD57 increased from time of infusion to time of peak CAR-positive cell blood levels. In (C), (D), (E), and (F), results from all 15 patients studied are included in all groups. All P values from twotailed paired t tests comparing two groups; error bars represent SEMs.
effector memory RA and CD57 ϩ CD8
ϩ phenotypes are associated with reduced proliferative capacity; acquisition of these more differentiated phenotypes might partially explain the rapid decreases in blood CAR-positive T cells in our patients. 40, [43] [44] [45] Generating CAR T cells that preferentially maintain a less differentiated phenotype might be one way to improve persistence of the T cells and possibly the clinical effectiveness of CAR T-cell therapies.
Infusion of anti-CD19 CAR T cells is a potentially powerful new treatment for chemotherapy-refractory B-cell malignancies. Improvements in gene therapy vectors, CAR design, and T-cell culture methods will probably improve CAR T cells in the near future. New clinical trials of CAR T cells will be needed to optimize antimalignancy efficacy and to elucidate methods of reducing toxicity. Our results should strongly encourage continued development of anti-CD19 CAR T-cell therapies for advanced B-cell malignancies. 
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